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Introduction

B Neutrino interactions with matter are at the heart many interesting and
relevant physical processes

B Astrophysics
M Dynamics of the core-collapse in supernovae
M r-process nucleosynthesis
M Physics Beyond the Standard Model
M Non-standard v interactions
B Hadronic physics
® Nucleon and Nucleon-Resonance (N-4, N-N*) axial form factors
M Strangeness content of the nucleon spin
M Nuclear physics
M Information about: nuclear correlations, MEC, spectral functions
B Complement electron scattering studies
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Introduction

B Neutrino interactions with matter are at the heart of all experiments
seeking to unravel its nature.

B Oscillation experiments (with accelerator v in the few-GeV region)

B Good understanding of neutrino interactions are important for:
B v detection, E reconstruction, v flux calibration
B determination of (irreducible) backgrounds
M reduction of systematic errors
M needed in the quest for CP violation and v mass hierarchy

B Near detectors help to reduce systematic errors but:

® ND vs FD:
M exposed to different fluxes with different flavor composition
M different targets

B All modern experiments are performed with nuclear targets

M nuclear effects: essential for the interpretation of the data
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Relevance for oscillation experiments

B (Kinematic) E, reconstruction via CCQE scattering: /[ T! — 1~ p
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B Important for oscillations: P(v,, — v,) = sin” 20,3 sin

41F,,

L. Alvarez-Ruso, IFIC Fermilab Theory Seminars




Relevance for oscillation experiments

B (Kinematic) E, reconstruction via CCQE scattering: /[ T! — 1~ p
2mpE, — m2 —mZ +m? le%ﬁn
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B Not exact on nuclear targets
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Relevance for oscillation experiments

B (Calorimetric) E, reconstruction (e.g. MINOS)
1 Eu = EIep + Ehad
but

B There are invisible heavy fragments, neutrons or other undetected
particles: E . < E, 4

Vis

B E, ->E _4relies on the simulation

VIS
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Relevance for oscillation experiments

B Backgrounds
® E.g. in the MiniBooNE v, — v, search

Aguilar-Arevalo et al., PRL102 (2009) 101802
3
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B NC backgrounds: V1 [N — 1 7w N’
vy N — Vl’yN,

B Also important for v, — v, measurements at T2K
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Introduction

B Quasielastic(like) scattering
B Single pion production
B NC Single photon emission

B Strangeness production
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v QE scattering on the nucleon

CCQE: v(k) +n(p) — 1" (K)+p() \;\/;/
(k) +plp) = TK)+n@) B
NCE: v(k)+ N(p) — v(k')+ N(p) |
D(k) + N(p) — D(k/) -+ N(p’) /\;\
_ Grcosbo
M = % 1*J,
where (¢ = @(k")y*(1 — v5)u(k)
Jo = (@) [vaFY + maaﬂqﬁF + Yuvs A + M%FP] u(p)

® Vector form factors: F)y = FF, — [}

2
Gg=FI1+ d

mny

Fz < electric

Gy = Fp + Fo < magnetic
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v QE scattering on the nucleon

where ¢ = u(k")y*(1 — v5)u(k)
. 0

~ 7
Jo = () |7aFY + Wo'aﬂqﬁsz + Y5 + M%FP] u(p)

B Axial form factors:
IM?

FA(Q2) — gAF(QQ) ) FP(Q2) — Q2 4 /,77,72T
0a = 1.267 < (3 decay PCAC
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QE scattering on the nucleon

B CC Cross section:
. . . 2 2 2 2
B As an expansion in small variables ¢°,m; < M~*, E;

do I - ml2 q 4 4 2 2
E = %G cos” O¢ [R— ES+ ET +O(q", m;, m;q")
Ree = 1 —|_gz24
g . 2EV—|‘M+ 22EV_M
cc = M ga M
EV Ev EV ’
Too = 1—g4+ 2W (1Fga)’F 4W9A/£V — (M"&V>

+ 4B 302 - 02 + A0 - ]

kY = pp — pn — 1

B The CCQE c.s. at low g2 depends on a small number of nucleon
properties: charges, magnetic moments, mean squared radii
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QE scattering on the nucleon

B Axial radius:
B CCQE on H and D (BNL, ANL)

) 12

N\~
Fa(Q%) =ga (1 + M—fx> (ra) = M A2

B M,= 1.016 4+ 0.026 GeV Bodek et al., EPJC 53 (2008)

B From 7 electroproduction on p:
3 1 3 12
2 \Y
— = - 1 — —
<“”5M(“+2)+Mﬁ< ﬂ>

B M,= 1.014 £+ 0.016 GeV Liesenfeld et al., PLB 468 (1999) 20

dES;
dg?

q>=0
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CCQE on nuclear targets

B Recent M, “measurements”:

B K2K on H,0 : M, =1.20 + 0.12

B MiniBooNE on CH, : M, =1.35 + 0.17 GeV
® MINOS on Fe : M, = 1.26 *0-12 , ,+008 ~  GeV
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CCQE on nuclear targets

B Recent M, “measurements”:

B K2K on H,O : M, =1.20 + 0.12

B MiniBooNE on CH, : M, =1.35 + 0.17 GeV
® MINOS on Fe : M, = 1.26 *0-12 , ,+008 ~  GeV

B Have these experiments really measured M, ?
® No, what has been measured is a parameter M ,eff
M Specific for the Relativistic Global Fermi Gas model
M Target dependent

M Flux dependent
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CCQE on nuclear targets

B Relativistic Global Fermi Gas smith, Moniz, NPB 43 (1972) 605

B Impulse Approximation
B Fermi motion f(7,p) = O(pr — |P])

B Pauli blocking Pp,.; =1 — O(pr — |p])

M Average binding energy E = \/ﬁz +m2; — ep
M Explains the main features of the (e,e’) inclusive ¢ in the QE region

M Fails in the details (nuclear dynamics needed)

L. Alvarez-Ruso, IFIC Fermilab Theory Seminars




00

CCQE on nuclear targets

B Improved nuclear effects
B Local Fermi Gas

n pr(r) = [Br2p(r)]'/? H

B Space-momentum correlations absent in the GFG .| ... e, |

B Spectral functions

D(p) = (p+M)G(p)
_ 1 Y Ap(w, p) = _Ap(w,p)
Clo) = P’ + Ep — e U_oopo—w—iedwr/u po_“’”edw
1 Im3(p)
Ap.n(p) = :F; [p2 — M2 — ReX(p)]? + [ImX(p)]?

B ImJ)' = 0 = mean-field approximation
B (Super)scaling
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CCQE on nuclear targets

B Improved nuclear effects
B Long range RPA correlations
B Beyond the Impulse Approximation

e
Y= O 4 A 4 OO

B RPA equation: IIgpa = Iy + I VIigpa

V=V(p) «+ effective, density dependent, NN interaction
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CCQE on nuclear targets

B Improved nuclear effects
B Long range RPA correlations
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CCQE on '2C averaged over the MiniBooNE flux
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CCQE on nuclear targets

12
The problem: CCQEon C
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CCQE-like on

nuclear targets

The solution:

B multinucleon (2p2h) contributions
B Martini et al., PRC 80 (2009)
B Nieves et al., PRC 83 (2011)
B Amaro et al., PLB 696 (2011)

B + RPA (important at low Q?)
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CCQE-like on nuclear targets

The solution:

B multinucleon (2p2h) contributions
B Martini et al., PRC 80 (2009)
B Nieves et al., PRC 83 (2011)

e -
B Amaro et al., PLB 696 (2011)

B + RPA (important at low Q?)
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CCQE-like on nuclear targets

B 2-D CCQE-like cross section on CH, @ MiniBooNE

2
L{cm IGeV) s MiniBooNE data (SN7=10.8%)
dT“dcose“
-39
x10 l:’ MiniBooNE data with shape error
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CCQE-like on nuclear targets

The solution:

B multinucleon (2p2h) contributions
B Martini et al., PRC 80 (2009)
B Nieves et al., PRC 83 (2011)
B Amaro et al., PLB 696 (2011)

B + RPA (important at low Q?)
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Experimental status

B NOMAD Lyubushkin et al., EPJ C 63 (2009) 355
B CCQE on *2C at high 3-100 GeV energies (DIS is dominant)
B No precise knowledge of the integrated v flux =
B Normalization of CCQE o from processes with better know o (DIS, IMD)
B CCQE o measured from combined 2-track (u,p) and 1-track (x) samples
B From measured CCQE ¢ : M, = 1.05 + 0.02(stat) 4+ 0.06(sys) GeV
S 16};{1 o~
£ 14
~ 12
© 10E
8 ;_ . MiniBooNE data with total error
6t * NOUEAD data with total rvor
4 ;_ - RFG model with M;f=l.ﬂ3 GeV, k=1.000
2 — RFG model with M, =1.35 GeV, x=1.007
0: Ll ! L a0 i ! L
10" 1 10  EJ"°(GeV)

MiniBooNE vs NOMAD
Katori, arXiv:0909.1996
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Nieves et al., PRD 85 (2012)

B E misreconstruction is bound to have an impact in oscillation analyses
Lalakulich, Mosel, PRC 86 (2012); Coloma, Huber, PRL 111(2013)
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2p2h and E  energy reconstruction
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B E misreconstruction is bound to have an impact oscillation analyses

Lalakulich, Mosel, PRC 86 (2012);
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2p2h and E  energy reconstruction
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B E misreconstruction is bound to have an impact oscillation analyses

Coloma, Huber, PRL 111(2013)
B Bias remains after the ND is taken into account
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17 production on the nucleon
vy N — [ N’

B From Chiral symmetry:
\\v4

M Dut this in not enough
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17 production on the nucleon

W\ (1232) excitation:

W, Z

cy cY

(gﬁ“’q p —qﬂp’“)-kMQ(gﬁ“q-p—qﬁp“) V5
A A " C

3(95% M) + 50 P — o) + CEgM + —EaP | u

B Vector form factors < Helicity amplitudes
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17 production on the nucleon

B Resonance excitation in ¥ MC generators:

B Rein-Sehgal model: Rein-Sehgal, Ann. Phys. 133 (1981) 79.
B Helicity amplitudes for 18 baryon resonances
M Poor description of 7 electroproduction data on p

e p—oe X, 0=20° E=2.445 GeV

700 . Y ' .
full —
600 F only resonances ---- -
Rein Sehgal -
500

400

300

200

do/(dE’ dQ) [nb/(GeV sr)]

100

0
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17 production on the nucleon

B Resonance excitation in ¥ MC generators:

Rein-Sehgal model: Rein-Sehgal, Ann. Phys. 133 (1981) 79.

B Helicity amplitudes for 18 baryon resonances
M Poor in the axial sector (at g2 = 0). PCAC :
2 _ _
FQ(W,(] = 0) X OﬂNﬁx(\/g = W)
uE+p_}e'+p+n+ ue+n_:=e'+p+1|:u
3 - ) - 08 - . :
DCC —— DCC ——
RS —— | I RS —— 1
06 -
2+ |
ol 1 04r
L 1
02 r
n 1 N 1 L 1 L 1 L n 1 L 1 N 1 L 1 L
12 14 1.6 18 2 12 14 16 18 2
W (GeV) W (GeV)

B DCC = Dynamical coupled channel model Kamano et al., PRD 86 (2012)
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17 production on the nucleon

B N-/ transition current

03 V V
(gﬁ“g qv")+ 2 (g"q-p' —q p’“”)-l— —2-(g%"q-p—d°p") | 15

CA A

o3 (gﬁ“ﬁ—q ) + MQ(gﬁ“q p' — ¢%p'") + CEgPH + qﬁq“] u

M Helicity amplitudes can be extracted from data on 7 photo- and
electro-production

Ayjp = EE(R, T =1/2 |6t Ty | N, J. = —1/2) ¢
Azjp = @/%j (R,J, =3/2|et Jhy| N, J. =1/2)¢

Sijp= — 2£Ra\l/%2<R,JZ:1/2\63J5M\N,Jz:1/2}4‘
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17 production on the nucleon

B N-/ transition current

oV cy cY
JH =y ( —2 (gPrg — qv")+ 2 (gPHq - p—qp’“‘)-l— —2(g" q-pqﬁp“))%

CA A
o3 2 (g% — ") + 5 ¥ — dP") + Gl 5“-|— ﬁq“] u

M Helicity amplitudes can be extracted from data on 7 photo- and
electro-production Tiator et al., EPJ Special Topics 198 (2011)

SOr s S T iR T " O 9 40_"|"'="'|"|"'|'
A(1232)

) S -100 1 30
_50’_ i 1

-200 | 1 20

=100 ¢ 2 3 ] [

. 1 =300 | 1 10F

,200. 1 _400 .................. . 0
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17 production on the nucleon

B N-/ transition current

- 1(C5, s 3 Ci ;3 8.y 1 C5 ¢ gy 8 u
JH =y M(g Hg —q 7“)+ (g% q-p' = ") + 2(9 q-p—q°p") | s
c4 c cA
3 (Blg _ Bk 4 (Bl o /u A Buy Z6 B u
+M(g q qv)+M2(g q-p )+ Cé'g —I—quq]u

B Axial form factors

A A M?
Co =05 22 © PCAC

A A Q% \
B Constraints from ANL and BNL data on Y d— pn

® with large normalization (flux) uncertainties
B ANL and BNL data do not constrain C*3 4
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17 production on the nucleon

M N-/\ axial form factors: determination of C*s(0) and M, ,

Q* \
m CI =20 <1+M2 )
AA

B From ANL and BNL data on d— p~ pn

B Hernandez et al., PRD 81 (2010)
B Deuteron effects
W C*5(0) =1.00 + 0.11, M, , = 0.93 £ 0.07 GeV

0 0 - : CA0) = IAN I~ ~ 1.2 . off diagonal
20% reduction of the GT relation C% (0) oM CT relation

B AR, Hernandez, Nieves (2014), preliminary
M Unitarization in the leading vector and axial multipoles
M Phases enforced to correspond to # N — 7 N (Watson’s theorem)
W C5(0) =1.12 + 0.11, M, , = 0.95 + 0.06 GeV
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Weak Resonance excitation

M Baryon resonances contribute to:

B the inclusive1 N — [ X cross section

H I4
B several exclusive channels: Yt N — [N 7
V) N — [N’ Y

wN = N

m AtE, ~ 1GeV (MiniBooNE, SciBooNE, T2K,...) A(1232) is dominant
H At E >1 GeV (MINERvA) N* become also important
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Inclusive resonance production

O - 8 T NuMI Low Energy Beam, FTFP
P (1232) — —120 o ha;dron'proauctit;n .
"RT 33 o corrected flux .
e vpn =R P, 1(1440) --- £ il
- O D,3(1520) - s ol v,
£ S1,(1535) - e
3 04} sum of all others -- -- 3,
o
— < 20
© &
0-2 i 00 2I -:1 é 8 10 12 14 16 18 20
neutrino energy (GeV)
0 s P ke
0 0.5 1 1.9 2

E, [GeV]

T. Leitner, O. Buss, LAR, U. Mosel, PRC 79 (2009)
T. Leitner, PhD Thesis, 2009

B AtE, =2 GeV, CCN*(1520)/CCA ~ 0.5, CCN*(1440,1535)/CCA ~ 0.22
B N*(1520) is important for v N — [ N’
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N =[N’

Weak 7n production

[ | e Al Dizgrams
0| === Nschamnel
10 E === Hu-charnel

E | === N'"-1535 s-chanmel
r = = 11535 n-channe]
L | === 1650 s-chanme]
== 1" 1650 u-channel

(Preliminary) Results:

] -1

-
== 1

1.05
E (Ge

v

B The N*(1535) excitation is dominant
B Small cross section but large enought to be measured at MINERvVA
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LAR, M. Sajjad Athar, M. Rafi Alam, M. J. Vicente Vacas

Ingredients: s,u-channel nucleon pole, N*(1535), N*(1650)

— A1l Diagrams

F (== == N :chamnel
[ === Nou-channel

[ fr=eer N'-1535 s-chammel
E o= %1535 v-channel
F " == 11850 :-channel

om0 ) 30 u-charmel




17 production on nuclel

M [ncoherent 17 production in nuclei

b@fl—%l X

B Modification of the A(1232) properties in the medium
1
(W + MA)Y(W — Ma —ReXa(p) +i0A /2 — iIm3a(p))

DA:>ﬁA(7“) =

I'A < Free width A — N 7 modified by Pauli blocking

0 eAN = NN
ReXaA(p) = 40MeV-—  ImXA(p) < *AN—=NN=
PO eANN-—=NNN

B 7 propagation (scattering, charge exchange), absorption (FSI)

M semiclassical cascade, transport models
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17 production on nuclel

B GiBUU Leitner, LAR, Mosel, PRC 73 (2006)
W Effects of FSI on pion kinetic energy spectra

M strong absorption in A region
M side-feeding from dominant «* into «° channel
B secondary pions through FSI of initial QE protons

40 : . . 12 : . '

w/o FSI — w/o FSI —
35 wFSI — ] 10 } wFSI — .
30 w FSI(QE) — 1

w FSI (QE) —

do/dT, [107° cm?/GeV]
Mo
o

do/dT, [107°8 cm?/GeV]

03 04 05 06 07 08 2 03 04 05 06 07 08
T [GeV] T, [GeV]
v, + °Fe—>pu 7X E,=1GeV
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17 production on nuclel

B Comparison to MiniBooNE

I

.

—— Hernandez et al_ with FSI |
+ — — Hemandez et al.. without FSI |

— 1BUU. with FSI
—— Gi1BUU. without FSI

= MiniBooNE CC 11"

L
L
I

=  MiniBooNE CC 17"

[
[
I

f—t

do/dp_ [10 em/(GeV/c)/CH, ]

dovdp_ [10™ em’/(GeV/e)/CH, ]

=
=

p, [GeVic] p, [GeVic]

B Two-nucleon mechanisms (?)
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Weak coherent reactions

B Coherent = final nucleus remains in the ground state
M Neutral Current elastic scattering

vA—vA
vA—>1vA

B Charged Current coherent particle production
v A— 1™ m A

+ + o+
m- =" ,K—,p,..
A1t A .

M Neutral Current coherent particle production

vA—-svm' A ) o
. . m = T
A - A TP
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Weak coherent reactions

B Coherent = final nucleus remains in the ground state
M Neutral Current elastic scattering

vVA—=UVvA
vA—UDA

t = (p’ —p)2 = QMi — ZMA\/Mi +p"? = 2MusTy = q2

do  G%
dT,  4x

[F(Q?) — (1 — 4sin? 0y ) F2(Q%)]” M4 (1 _ ]\gAEng)

B Experimental problem: small recoil energies
B Similar detection techniques than in dark matter experiments
® (Potential) irreducible background in direct dark matter searches
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Weak coherent reactions

B Coherent = final nucleus remains in the ground state
M Neutral Current elastic scattering

vA—vA
vA—>1vA

B Charged Current coherent particle production
v A— 1™ m A

+ + o+
m- =" ,K—,p,..
A1t A .

M Neutral Current coherent particle production

vA—-svm' A ) o
. . m = T
A - A TP
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Coherent pion production

vA—vi A
vA—>vi A
B Very small cross section but relatively 3 | Total (CC + NC)
larger than in coherent = production with % |
photons or electrons 2 CC total
w
B At g2 ~ 0 the axial current is not o Pl \5COF Dl
suppressed while the vector is 0.5¢ Ceraannelude CC-mulli )
B Background to QE when = ()
. . + s CC-coherent & o
Is mistaken for a e* (p) ¢ e
E, (GeV)
NEUT

Hiraide@Nulnt09
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PCAC models

B Rein-Sehgal NPB 223 (83) 29

® In the g?=0 limit, PCAC is used to relate v induced coherent pion
production to 7A elastic scattering

2 f2(1—y)d
dO’ _ GFfw ( y) J( A N A
dg*dydt | »_, 272 y dt q2=0, Er=q°
y=q°/E,

—2
B Continuation to g2 = 0: x (1 — ¢’ /1GeV?)
B 7A Iin terms of 7N scattering:

<A £ (G0N )

t=0, Eﬂ':qo

Fu(t) = /dSF TP T Lo (7)) + pn(7)} « nuclear form factor

+ removes from the flux outgoing 7 that undergo inelastic collisions
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PCAC models

B Rein-Sehgal NPB 223 (83) 29

B Problems: Hernandez et al., PRD 80 (2009) 013003

M g°=0 approximation neglects important angular dependence at
low energies and for light nuclei

B The 7A elastic description is not realistic

S S L T3 === T T
= - 3 = =
- - . I - T, =230 MeV |
% 100 3 E - n+ca b
= C ] - + 40 H
3 0k L )
B F T,=200MeV -
cor . g & -
15 T+ A E RN
= [ | | L | | t[r L | | 1 1 \h‘
0 10 20 30 40 50 0 10 20 30 40 50
1000 g — _ | T | T | | T g 10000 E=I | | | T | T ﬁ
- ‘“THE% - E = T =673 MeV 3
= - -, . - ; 1
= el = +"ca B
£ 100 = = = + 40 H
— - 3 o * @+ Cal
G C ] = =
= - ] = E
5 [ T =163 MeV ] g s
'u - —
10 5 - -
| ° n+% \\= 3 2 3
L [ ! | ! | [v ] C | | ]
0 10 20 30 40 50 0 10 20 30 40 50

6 (degrees) CM 0 (degrees) CM
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PCAC models

B Rein-Sehgal NPB 223 (83) 29

B Problems: Hernandez et al., PRD 80 (2009) 013003

M Predicts larger cross sections and wider g2 distributions than
microscopic models

E = 500 MeV
g_; _ | REinI and Sehglal ___________ |
0.g| % Microscopic A (medium) —
o7l -
06
050 . COH x°12C

;i;’g (107 em? GeV Y

0005 01 01 02
—q° [GeV?]
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PCAC models

B Kartavtsev et al., PRD 74 (2006), Berger & Sehgal, PRD 79 (2009),
Paschos & Schalla, PRD 80 (2009)

B Some g2 = 0 kinematical corrections introduced

B Use experimental wA cross section
B Smaller o than R&S:

20

o(vC —+ vr®C) /10~ " em? a)

R&S

B&S

u 1 1 1 1 1 1 u 1 1 1 1 1 1
04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0.4 0.6 0.8 | 1.2 1.4 1.6 1.8 2
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PCAC models

B Problems of PCAC models: less relevant at high energies and heavy nuclei
B NOMAD: 0=72.6 + 8.1(stat) £ 6.9(syst) x 1049 cm?
B Energy range: 2.5 < E, < 300 GeV

B Consistent with R&S: o0 ~ 78 x 1040 cm?
Kullenberg et al., PLB 682 (2009) 177
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Microscopic models

B Kelkar et al., PRC55 (1997); Singh et al., PRL 96 (2006); LAR et al., PRC 75, 76 (2007);
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Amaro et al., PRD 79 (2009), Nakamura et al, PRC 81 (2010); Zhang et al. PRC 86 (2012)

B Model for the elementary v ¥ — 1 N 7 amplitude

B Coherent sum over all nucleons ) 5
B /\ much more dominant than on nucleons, 9 ™~ [05 (0)]

W /\ properties changed in nuclei
® Distortion of the outgoing pion ¢ =" — ¢7 (D, T)
(—V2 = 52 + 2w Vot ) s = O

A

Vopt(r) <— Nonlocal optical potential in the A-hole model

= Same hadronic/nuclear input as for the incoherent(resonant) channel
& Can be applied/validated in other reactions (v, e, =, ...)

¢ Limited to the A region and below

¢ Technically more complex and harder to implement than PCAC models




Microscopic models

LAR et al., PRC 75, 76 (2007);

I 1'4 ] ' L | ' | ' | l L} l | l ] ' L | ' |
I 1oL Y 12 L # 12 _
- Poaovd C—= p+r+Cat1GeV
| - ! i ===«|mpulse approximation -
;‘ 10k ' \ seesens Impulse approximation with A in medium |
| © : | = Full calculation rf’)
..._(D__ B : l‘—-—- Eikonal approximation o
NE 0.8 | '
O I :'
“S 06} :'
o '
XS] 04 - : |
D o [
‘ ©
e 02 asonant) channel
© 0.0 Lol - ..)
o0 01 02 03 04 05 06 07 08 09

p_[GeV]

C
% rectincany more curnpiex ana naruer w nnpiemene than PCAC models
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Microscopic models

B Kelkar et al., PRC55 (1997); Singh et al., PRL 96 (2006); LAR et al., PRC 75, 76 (2007);
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Amaro et al., PRD 79 (2009), Nakamura et al, PRC 81 (2010); Zhang et al. PRC 86 (2012)

B Model for the elementary v ¥ — 1 N 7 amplitude

B Coherent sum over all nucleons ) 5
B /\ much more dominant than on nucleons, 9 ™~ [05 (0)]

W /\ properties changed in nuclei
® Distortion of the outgoing pion ¢ =" — ¢7 (D, T)
(—V2 = 52 + 2w Vot ) s = O

A

Vopt(r) <— Nonlocal optical potential in the A-hole model

= Same hadronic/nuclear input as for the incoherent(resonant) channel
& Can be applied/validated in other reactions (v, e, =, ...)

¢ Limited to the A region and below

¢ Technically more complex and harder to implement than PCAC models




CC/NC ratio

Ratio of CC to NC total  Boyd et al., AIP Conf. Proc. 1189

2 O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 ] |
' _ -...___I_.:-_,f_':-::-"—':"-g.—_#
1.5 -
1.0 -
Meut = === :

Huanee —=-—-
] MuWro — === [
0.5 Cenia I~
1 Schallo—Faschog ========- -
Makarmurg —=—=—— :
— '1: -

D‘D T T T T T T T T T T T T T T T T

[ [ [

O 1 Z 5 4

£ (Gev)
B SciBooNE: PRD 81 (2010)
B NC 7° ¢ compatible with R&S
B CCrt/NCm°=0.14%0-30_g g
M Theoretical models predict CCn*/NCn® ~ 1-2 !
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MINERZA measurement

wVy+A S+ +A aVy+A—=uT+T +A

10 =10
a - & -
'b 14_.-': . = 14_.-':
o C x2n.d.f GENIE =14.06/0 Q C o @in.d.f GENIE =7.68/9
v 12 -+ DATA [ nl -+ DATA
o i —GENIE v26.2 o - —GENIE v2.6.2
c-é 10 —-MEUT v5.21 c-é 101 —-MEUT v5.3.1
5 fh 5 fh
S gk | , = B_' i
.g‘uf C .g‘uf Ci
© sf it O 6F it
aH af Higuera et al., PRL 113 (2014)
2 2
ﬂ'_ T i o = T D_...I....I..._._I.... : S Y Y Y
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) + — + -
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& . & . o
Q i ¥%ind.f GENIE =54.40/12 Q C 1inal GENIE 18112
[ C [ C
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T L T -
E o1 e o1
2 L 2
B v E
-8|% 0.05 -8 %{}.DE
i ______ - i s I
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M Photon emission in NC interactions:

® on nucleons V() N — v(v) v N

B on nuclei V(ﬁ) A — V(ﬂ) Y X < incoherent
v(v) A —v(V) 7 A coherent
m Small cross section (weak & e.m.)

but

B Important background for v, — v, studies (6,3, 6) If yis misidentified
as e*from CCQEVe™ — € D orlep — et n
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NC~

M Photon emission in NC interactions:

5 Antineutrino .
1'2:_ « Data (stat err.) _: /y N
1.0F E Ve :m"" ";}. J
_— + =1 v: from K° 1 v X < incoherent
S 08 [ ~° misid ]
E - E‘s‘.'{”" . A
o 0.6 ir .
. 04 l !gtcl;lr?srtr. Syst. Error E fy — COherent
0.2 _
25} —
; Neutri 1
20l + eutrino ;
> 1, studies (#,5, o) if yis misidentified
= 156 + 7 L +
2 {rvep — €™ n
L% 1.0 -
0.5 —
92 o4 06 08 1.0 12 1415 30

ESE (GeV)

I Aguilar-Arevalo et al., PRL110 (2013) 161801




B Feynman diagrams:

Z i Z v

.S \fpf
|\/ N A \ /
N*(1440) N*(1440) N N

N*(1520) Ni(1520)
N*(1535) N (1535)

R. Hill, PRD 81 (2010)
Zhang & Serot, PRC 86 (2012)
Wang, LAR, Nieves, PRC 89 (2014)
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B R. Hill, PRD 81 (2010)
v(iv) N - v(v) Y N vi)A —-v(v) A

10°
102 3 ‘
T 3 B ————
S 1ok 3
S _
< 107% 1) A —
© 10°%/ g e A
i ®
107 Y D
o
_5_; I I I | I I I I | I I I I
107, 0 0.5 1 15

B The w exchage contribution is very small
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NCy events at MiniBooNE

B Comparison to the MiniBooNE estimate

B Resonance model (R&S) tuned to 7w production data

B OnlyR->N~

30 |

24 |

EventszQE

ol

18 |
12 |

6

1 68% CL

our model
—_—— N0 N*
................ MB

v-mode

02 04 06 08 1 12 14
EXHGeV)

12

w

{]G
@
c
b
>
L

10 =

1 68% CL
our model

o N R O o

ESHGev)

E. Wang, LAR, J. Nieves, PLB 740 (2015)

B NCy :insufficient to explain the excess of e-like events at MiniBooNE
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NCy events at MiniBooNE

B Multi-nucleon contributions
M7 NN—- NN7w,ZNN-— NNy

B Potentially important but unlikely to be the full solution
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e-like events at MiniIBooNE

B Oscillations: not explained by 1, 2, 3 families of sterile neutrinos J.
Conrad et al., Adv. High Energy Phys. 2013, C. Giunti et al., PRD88 (2013)

B Heavy neutrinos S. Gninenko, PRL 103 (2009), M. Masip et al, JHEP 1301 (2013)

L. Alvarez-Ruso, IFIC Fermilab Theory Seminars




e-like events at MiniIBooNE

B Oscillations: not explained by 1, 2, 3 families of sterile neutrinos J.
Conrad et al., Adv. High Energy Phys. 2013, C. Giunti et al., PRD88 (2013)

B Heavy neutrinos S. Gninenko, PRL 103 (2009) , M. Masip et al, JHEP 1301 (2013)
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MicroBooNE

® 170 ton LArTPC
B Located along the Booster neutrino beam line
B Distinguishes electrons from

Beam direction

along
TPC *“Z-axis” i

iy

apoyie) B

Field Cage i
104x25x23
- 90 ton LAr 3

MicroBooNE Crvo-Stat & TPC
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Strangenes production
m AS=0eg. v p(n) — 1~ KTXT(A)

m AS=1:
W Cabibbo suppressed but with lower thresholds than AS =0
mKaon: vyp — [ K'p

yn — 1T K%p
vin — I K™n

mBackground for proton decay p — v K*
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Strangenes production

B Microscopic kaon production on the nucleon Rafi Alam et al., PRD82
m vs AS =0 from GENIE

s ' | ' ' ' ' |
— l=e vAp o [+p+K
*—x Genie e
»—--x Genie P

05

s (10 ecm’)

0.1

0.05
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Strangenes production

m AS=-1:
M Cabibbo suppressed but with lower thresholds than AS =0
m Hyperon Vi p — " EO(A>

on — 1T
M Additional source of pions: ¥V — N«
B antiKaon: ;p — [T K~ o,
v p — T K%n
on — ITK n
) vyp  — [T »U 7T0
VP AN o
pp — ITY T wt
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Strangeness production
m U p— T Y

B Ren, Oset, LAR, Vicente Vacas, arXiv:1501.04073

|a
B T: Solution of the Bethe-Salpeter eq. in coupled channels

T=V4+VGT=[1-VG] 'V

B V: from leading order chiral Lagrangian
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Strangeness production
p =13

Ren, Oset, LAR, Vicente Vacas, arXiv:1501.04073

N
® A(1405) dynamically generated , | ---- %“Pﬂ:n;zj E, =10GeV |
B Two poles:
B M~ 1385 MeV, '~ 150 MeV
B M~ 1420 MeV, I'~ 40 MeV

do/dM;,, [10™* cm®/GeV]
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Strangeness production
p =13

Ren, Oset, LAR, Vicente Vacas, arXiv:1501.04073

12 ' 1 ' 1 ! 1 ' 1 ' 1
I ‘T’HP—>M+HOEU -]
_ e
1 F| === yyp—2p Tk -7 .
_ + -
|| T yyp—um ) P

m A(1405) dynamically generated
B Two poles:

< 08
B M~ 1385 MeV, I'~ 150 MeV  §
B M~ 1420 MeV, I'~ 40MeV = °°
o 04
M c. s. enhanced by the resonance 02
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Strangeness production
p =13

Ren, Oset, LAR, Vicente Vacas, arXiv:1501.04073

® /A(1405) dynamically generated ooy - TR s -
B Two poles: = I = B ]
B M~ 1385 MeV, '~ 150 MeV 2 A
B M~ 1420 MeV, '~ 40 MeV ol ]
B =~ 2000 events @ MINERVA e
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B  scattering on nucleons and nuclei is relevant for oscillation studies
M Interesting for hadron and nuclear physics

B Interpretation of experimental results and model testing (tuning) are
challenged by

B Poor knowledge of v-N cross sections
B Non-monochromatic beams
B Nuclear effects/ FSI
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Outlook

B  scattering on nucleons and nuclei is relevant for oscillation studies
M Interesting for hadron and nuclear physics

B Interpretation of experimental results and model testing (tuning) are
challenged by

B Poor knowledge of v-N cross sections
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B  scattering on nucleons and nuclei is relevant for oscillation studies
M Interesting for hadron and nuclear physics

B Interpretation of experimental results and model testing (tuning) are
challenged by

M Poor knowledge of v-N cross sections:
B new v-N measurements are highly desirable

B MINERVA: D/H target proposed. Challenge: safety measures

B Bubble chamber @ NuSTORM <« ideal

L. Alvarez-Ruso, IFIC Fermilab Theory Seminars




Niitlnnl,

ki g
o =
A \x -ﬂk t & Nt for oscillation studies
5 Lo AR
Yo Keall

odel testing (tuning) are

W\?O (,5 E\D\f‘f safety measures

B Bubble chamber @ NuSTORM <« ideal
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